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COST FUNCTION STUDIES FOR POWER REACTORS

by

J. Heestand and L. T. Wos

AT 'S IERA Gl

A function to evaluate the cost of electricity produced
by a nuclear power reactor is developed. The basic equa-
tion, revenue = capitalcharges +profit + operating expenses,
is expanded in terms of various cost parameters to enable
analysis of multiregionnuclear reactors with uranium and/or
plutonium for fuel. A corresponding IBM 704 computer pro-
gram, which will compute either the price of electricity or
the value of plutonium, is presented in detail inthe appendices.

I. INTRODUCTION

The industrial application of any large engineering system requires
a critical examination of the economic factors involved in its use. Follow-
ing the suggestion of the use of nuclear reactors for the generation of
electric power, there has arisen an interest in examining the economic
aspects of the operation of such a reactor power station. For this purpose
a program directed toward carrying out a rather thorough analysis of re-
actor power stations has been initiated, the first step of which is the
development of an appropriate cost function for the system. The purpose
of this paper is to discuss the development of the cost function, which in
this case gives the cost in mills per kilowatt hour of generated electricity
as a function of the various cost parameters. The cost function contains
minor simplifications whose effect on mills per kilowatt hour is insignifi-
cant; it is not intended to serve as an accounting technique. This work
bears a close resemblance to that of J. M. McCampbell, a) with revisions
to incorporate recent changes in insurance laws, elaboration of the treat-
ment of fuel cycle cost, and refinements to give access to more detailed
information and to permit further studies which are contemplated.

II. DEVELOPMENT OF COST FUNCTION
The basis for the analysis is contained in the equation
revenue = capital charges + profit + operating expenses, (1)

which is assumed to hold true for each period of time (one year in this
program) in which the reactor is operated to produce electricity.



A. Revenue

There are two sources of revenue, the sale of electricity and the
sale of plutonium (or U?**). We ignore all other fission byproducts as
sources of revenue.

Annual electric revenue ($) = 8.76 x 10° Pnem N (2)
where P is the thermal power rating of the reactor in megawatts, 7 is the
net thermal efficiency, € is the plant factor, and m is the cost of electricity
to the user in mills per kilowatt hour.

Annual revenue ($) from sale of plutonium = 10° Av/T ; (3)
where A is the amount in kilograms of plutonium produced by one fuel
charge in exposure time T years and v is the value in dollars of one gram

of plutonium.

B. Capital Charges

Capital charges are just those charges needed to redeem capital
spent on construction, research and development, the corresponding in-
terest, and the interest on capital spent for land. We wish to redeem
interest on the various sums involved, whether it occurs as a result of
actually borrowing capital or as a result of interest lost by utilizing
available funds in these connections instead of investing them. We make
the assumptions that the value of land is a constant and that available
interest on sinking funds is equal percentagewise to those interests re-
ferred to above. We then have

e 1 ng+n _nctn
(capital charges)<(——+iL—l> +1g = B i (L1 + (Ic +Ig) (1 +1) e :

(4)

where, remembering that the assumption with sinking funds is that the
payment is made at the end of each period, [(1 +i)n—l]/i is the sinking
fund factor which gives the value of a sinking fund consisting of n equal
payments at interest i, n is the life of the plant in years, P is the number
of plants over which research and development costs are distributed, Ig
is the research and development cost, ng is the average lead time in
years for research and development, I and Ig are the respective costs
for construction and land, and nc is the number of years capital is tied
up in land and construction prior to startup. By transposing the cost of
land and dividing by (1 +i)®, we have an equation stating that the present
value of the sinking fund resulting from annual capital charges is equal

to the present net value of the capital transaction. In other words, capital
charges refer to that amount of money deposited in equal payments at the



end of each operating year in a sinking fund such that the value of that
fund when the plant has zero salvage value is precisely the difference be-
tween the value of the invested capital at that time and the value of land;
the value of invested capital at the end of the life of the plant is expressed
by the right side of Equation (4).

C. Profit

The profit parameter w is given as a percentage of the value of
invested capital at startup, and is not to be confused with the present value
of all capital transactions. The value of w is obtained by levelizing the
desired profit over the lifetime of the plant. The profit in dollars is thus

1 ny n
w E Iq(l +i) — + (Ic +1Ip) (1 +i) °l. At present, the value of w is supplied

to, rather than computed by, the program.

D. Operating Expenses

Operating expenses consist of: ad valorem charges, operation and
maintenance, fuel-cycle costs, and insurance and taxes not proportional to
the value of the plant.

1. Ad valorem Charges. Ad valorem charges (plant insurance,
property damage insurance, and property taxes) are assessed against the
appraised value of the property. The sum of these charges is given by

(¢ +x +9) 8(Ic +1g)

where ¢, X, and 9 are the respective rates, and 0 is the ratio of appraised
value to actual.

2. Operation and Maintenance Costs. Operation and maintenance
costs are estimated by the user of the program. They include salaries,
equipment, supplies, and overhead.

3. Fuel-cycle Cost. Fuel-cycle cost is computed from supplied
cost parameters; there is no attempt at this time to include any core design
study or any technique for minimization of this cost. We are able to con-

sider a multiregion core, a multiregion blanket, and, as fuel, enriched
uranium, plutonium, or some combination of these fuels restricted to
separate regions. The fuel-cycle cost is, therefore, the sum of the costs
for the various regions. Any credit for plutonium production is added as
revenue and not placed against fuel-cycle cost directly. For any one
region, the fuel-cycle cost has four components: first, the product of the
throughput of fuel, adjusted to compensate for various losses, and the sum
of the unit costs for conversion, fabrication, reprocessing, shipping, and



waste disposal; second, a use-charge proportional to the use-charge rate,
value of fuel at the appropriate enrichment, and the time in which the fuel
is not in AEC possession; third, a burnup charge from the loss in value of
the fuel; fourth, the cost of reducing produced plutonium to metal buttons.
Since annual loading equals initial loading divided by residence time, fuel-
cycle cost is given by the equation

1
fc = % l:uLskV(el)k+ T—k{[ch(l +lck +21k) +cfk(l +245x) +erk fesk +Cs'k+cwk‘ewk] Lik

V(ey)x +Viez)x
(tex ttae ttsk Ve v \ T +(tdk+trk+ts'k)v(ez)k]“L1k (1 +2ck +45x) (5)

+ [V(el)k Lyge(l + Lok + £51c) - Viea)k sz] + Agcpk 103}] g

(the subscript k designates the region)

where: cc, cf, Cr, Cg, Cs', and cw are unit costs per kilogram of conversion,
fabrication, reprocessing, shipping of new and irradiated fuel, and radio-
active waste disposal, respectively; tc, tf, tr, ts and tg' are the correspond-
ing times required for the processes; tq is the time necessary for
radioactive decay of spent fuel before reprocessing; Tis the residence
time; u is the use-charge rate; V(e,;) denotes the value at initial enrich-
ment e;, and V(e;) the value at enrichment e, at discharge; L, Lz, and L3
are the weights of fuel at initial loading, after reprocessing and for the
inventory; £c and [f are those percentages by which L, must be increased

to compensate for losses in conversion and fabrication, respectively*;

Jw is the percentage of L, to be disposed of as radioactive waste; A is the
amount of plutonium produced by one loading; and cp is the cost per gram

of reducing plutonium to metal buttons.

4. Liability Insurance. According to the latest law on liability
insurance for power reactors, the required coverage is determined in the
following manner. If the maximum allowable power does not exceed
10 kw(thermal), the required coverage is 1 million dollars; if greater than
10 kw(t) but does not exceed 1 mw(t), 1.5 million; if greater than 1 mw(t)
but does not exceed 10 mw(t), 2.5 million. If the power rating in
mw(electrical) exceeds 100, the required coverage is 60 million. For
those reactors not yet covered, apply the formula x = Bp, where x is
coverage in dollars rounded up to the nearest hundred thousand, B is the
base amount of financial protection, and p is the population factor. The
coverage x must be between 3.5 and 60 million; B equals 150 dollars
times maximum allowable power in kw(t); p is between 1 and 1.5 and is
determined by the magnitude of the nearby population.

*To avoid confusion it should be understood that [. equals 0.15 if, for
example, the loss from conversion is 15%.



The parameter of interest, however, is the amount of premium.
Not allowing a premium rate to be less than 1,000 dollars per million of
coverage, the premium schedule is: the base premium for the first mil-
lion, 0.5 of base for each of the next 4 million, 0.2 of base for each of next
5, 0.1 for each of next 10, 0.05 for each of next 20, and 0.025 for each
million of coverage above 40 million. Annual cost of liability insurance
P} is given by

Pg=a; k +0.5a; A +0.2a; u+0.1 a, v +0.052a, £ +0.025a, ¢, (6)

where a, is the base premium and «, A, 4, ¥, £ , and { are the number of
millions at the corresponding premium.

5. Taxes. The taxes are of two kinds: state income and federal
income. State tax S is assessed at the rate jg on the difference between
gross revenue and the tax deductibles. The tax deductibles consist of
ad valorem charges, operation and maintenance cost, fuel-cycle cost,
liability insurance, interest on the bonded fraction of invested capital at
startup, and depreciation. For the tax calculation the shortest allowable
time for straight-line depreciation is taken. The federal income tax F
is obtained by taking that revenue taxable by the state, subtracting from
it the money paid as state income tax, and taxing this modified revenue
at the rate jp. With b the bonded fraction of capitalization, i the interest
rate on the bonds, and n' the depreciation time, the tax equations are

S = jg <8.76 x 10° Pnem + 103(AV/T) -(p+y +x)Ic +Ig)0 -OM-fc-P,

=, [lﬁ 1d+1c] S5 [% 14(1 ARt oma +1z)(1+i)n°D (7)

and
F = jpll - ig) 8/is = - (8)

If the reactor power station is part of a larger complex and, therefore,
its taxes are not computed separately but are instead assigned as a frac-
tion g of the revenue dollar; its reduced revenue, 1-g times gross
revenue, must equal the sum of capital charges and operating expenses
exclusive of taxes. By using the selector ¢, which takes on the value

0 or 1, we can handle either tax situation. This is accomplished by
replacing revenue in Equation (1) by (1 - ag) revenue and by replacing
the tax contribution in Equation (1) by (1 - ¢ )(F +S). Thus, when ¢ is 0,
we are in the first case; and when g is 1, the tax contribution is nullified
and the gross revenue reduced accordingly, and we are in the second.



Using Equations (1) and (2) and letting I be the present value
of all capital transactions and a;3 = [l - (1 + i)’n]/i, we have

a revenue =1 +apg profit +an operating expenses ) (9)

which says that the present value of annual revenue equals the present value
of annual capital charges plus the present value of annual profit plus the
present annual operating expenses all taken over the life of the plant. By
expanding Equation (9) in the parameters discussed above, we can solve

for m, obtaining

= 1
T 8.76 x 103 Png[(l - ag) - (1 - oc)j]x

m

{I/an'l +1 - -a)j][o+x +¥)6(c +1 ) +OM +fc +Py]

+[% Ig(1 + oy i)nc][w- (1 -a)jbi]

- - a)j% {Elld +IC] +[(1 -a)j - (1 - ag)][10® Av/T ]} ;
(10)

where j = js t g - jgip: Thus, if we are given average values for the
parameters involved, we can determine the average price to be charged for
the electricity produced by the power reactor in order to cover the various
costs and still yield the desired average profit. For the public power
station operating on a nonprofit basis, we just set the profit parameter w to
0 and follow our usual procedure. The question of a year with unusual
operating conditions may be of interest to the utility - for example, the
first year with its attendant startup problems and, therefore, costs. To
compute the corresponding charge for electricity necessary to maintain
the desired revenue cost balance when viewed as a one-year problem, we
need only adjust the affected cost parameters accordingly, since the value
of fixed charges is not changed by such considerations.

I1II. CONCLUDING REMARKS

Since the selling price of electricity produced by power reactors
may be very dependent on the value placed on the simultaneously produced
plutonium, the pricing of plutonium is a very relevant consideration. We
have applied the analysis above to this problem, interchanging the roles of
electricity cost and plutonium value, and thus developed an IBM 704 program
to yield the value of plutonium when assigning a selling price for electricity
therein produced.



By use of the cost function discussed in this paper, or the corres-
ponding IBM 704 program, one can gain information about the economic
competitiveness of a given reactor with other means of producing elec-
tricity. By a differential analysis of such cost functions, the importance
of the various cost parameters can be seen. Thus, for example, the effect
of a small change in use-charge rate or a change in tax rate can easily be
assessed. Differentiating with respect to u, the use-charge, we have

dm _ [(1 - oag)-(1-a)j]t X

ou 8.76 x 103 Pne
1 Viey)k + Viez)
5 {szwel)k = [uck Fifie Htak) V(e + Tk (—%
I
+ (tgx +trk +tsik) V(ez)k] L (00 52 00 g 35 ﬂfk)} ;i (11)

which shows that a doubling of the use-charge would cause the cost in mills
per kilowatt hour to increase by

u[(1-ag) - (1 - a)j]™!
8.76 x 103 Pne

1 Viey)y + V(ez)k>

z Lag V(e)k + — | (tek + tae + tsk) Ve + Tk< >
K Tk

i (g e o b)) V(ez)kJ L (1 + doy # ﬂfk)}

Another partial, perhaps of equal interest, is that with respect to j, the
tax rate:

=— = (L =@ {I/am +[1-(1-ag)][(¢ +¥ +X) 8 (Ic +1g) + OM +fc + Py ]

n iok

+ [w - (1-o0g) bi][El Iq(1 +1) d+(IC+Ig)(l+i) c] (12)

- (1-oag) r% l:% Id”c]}? {8.76x103 Pne [(1-ag)-(1- OL)J]Z}

Such an analysis can indicate those areas in which, from an economic
viewpoint, technological progress is needed.






APPENDIX A
DESCRIPTION OF THE IBM 704 PROGRAM 0908/RE224

STATEMENT OF THE PROBLEM: RE224 is a program for the IBM 704
that will evaluate m, the cost of electricity (mills/kwhr), or v, the value
of plutonium ($/gm),for a nuclear power plant, given various cost param-
eters as input.

The cost of electricity, m, can be evaluated for either a nuclear
power plant or a fossil-fueled power plant by the following equation:

1
©8.76 x 10° Pne [(1-ag) - (1-a)i]

4 {(l/an-,) +[1-(1-a)jlilp +x + ¥) &Ic +Iy) + OM + Py + fcy]
+[1+1,00+i) [w- (1- d)j bi] - (1-a)j % (;Z Ig t Ic)

+[(1-a)j - (1-ag))[10° Av/7]}

where
1 Ll 7 =)
I==1400+i) © 4+ (g +1,)(1+i) -1 ,(1+i) i
y/ L
B
j:js+jF'jst )
e ()™
ap = ———— 0
n' 1
0 for fossil-fueled plant
Py, = (1)*
ka; + A0.5a; + ©0.2a; + v0.1a, + £0.05a;, + £0.025a,
for nuclear power plant,
assumed one year for fossil-fueled plant
T residence
lees =4 =
e W B for nuclear power plant(z) b
eP
0 for fossil-fueled plant
Av/T =<{ NFCB +NFCC
v z Ak/'rk for nuclear power plant, and
k=1

* See notes at end of Appendix A
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input for fossil-fueled plant

Q) + Q; + Qs v:10® for nuclear power plant
In the equation for fcy,

NFCB + NFCC A
1/ < | ecrd * Lexe + g +ege (1 +£g) +e g + gk + €5k *CwikAwk Lik+Akcpkl 0

NFCB
1 V(ey)y +Vieak
2= Z vl Viek + (‘ck*tﬂc+‘sk> Vilerhe i e
k=1
i (tdk ttrk +ts‘k> V(ez)k] upe Ly (1 + £k +4 ac) + [v(e,)kL,k(l +hextlal - V(ez)ksz] ;
and
NFCB + NFCC
Oy = z we Ly +1/ Tk {[(tck+tfk+Tk+tdk+trk+tsk+tslk)uk+l] Ligall +£Ck+zﬂ<)-sz}
k = NFCB +1
with

e -€ e, -ep e -e
Viey)= cF<P_i) +Cy vp+<P_) vw.(L_W> Ve
epr- ey ep-ey ep-ey
defined as the value of the product fuel at enrichment ep, p = 1,2, and

e
V§ =(2ec-1)ln (1—‘3_£>

defined as the separation potential of the eth stream, £ = p,W,F(C).

The parameter NFCB designates the number of uranium fuel regions in the
reactor and NFCC, the number of plutonium fuel regions.

The value of plutonium, v, can be evaluated for a uranium- or a
plutonium-fueled plant by the following equation:

1
"0 -ag) - (1-a)j] 10%(A/7) - [1 - (1 -@)i] Qsx10°

X {(I/an-,)— 8.76 x 10> Pnem[(1 -ag) - (1 -a)j]
+[w-(1-a)j bj][I+Il(l +i)™P]- (1 -a)j $ (% I+ i)

Sl-(-a)l(p+u+x) ollc+1)+OM+E +Q+al} .

where I,j, am, P,, T, Qi, Qz, and Q; are as defined above for uranium-fueled plants

L

and

NFCB +t NFCC

A/-r = z Ak/'rk
k=1



Further analysis of the fuel cycle cost equation can be found in Appendix B.

MACHINE: This program is written in FORTRAN for an IBM 704 with core
storage of atleast8K, an on-line card reader, and an on-line printer or one
magnetic tape unit.

RUNNING TIME: A problem takes less than one-minute running time with
tape output.

INPUT INFORMATION REQUIRED: The input parameters, together with
the values of the associated index J (to be explained later), are as follows:

Param-
J eter Description
1 MCALC 0 - v-calculation
1 - m-calculation
0 = NFCB =10
2 NFCB number of uranium regions 0 =NFCC =10
g NFCC number of plutonium regions | 0 = NFCB+NFCC =10
(both 0 for fossil-fuel
case)
4 B number of plants over which design and development
costs are distributed

5 i interest rate (% x 107%)

6 I investment in construction ($)

7 g investment in design and development ($)

8 I, investment in land ($)

9 n plant life (yr)
10 = average lead time for construction (yr)
18] ngy average lead time for design (yr)
12 € plant factor (% x 1072)
13 n plant net thermal efficiency (% x 1072)
14 P thermal power rating of reactor (TMW)
115 v value of plutonium as metal buttons ($/gm)
16 m cost of generating electric power (mills/kwhr)
1i7 OM operating and maintenance cost ($/yr)

18 w annual levelized return on investment (% x 10_2)



Param-
J eter Description
THOREE ad valorem rate for property taxes (% x bog
20 0 appraisal fraction (% x 1072)
21 [0) ad valorem rate for plant insurance (% x 10'2)
22 Y ad valrem rate for property damage insurance
(% x 1072)
23 a base rate of premium on liability insurance
($ per $ million)
24 PF population factor
0 - calculation for individual plant
25 a )
1 - calculation for company as a whole
26 b fraction of capitalization by bonds (% x 1072)
24 it interest on bonds (% x 1072)
28 ir federal income tax rate (% x 107 2)
29 is state income tax rate (% x 107%)
30 n' shortest period allowed for straight line depreciation
for tax deduction (yr)
Sil g average ratio of annual income tax payments to an-
nual gross revenue (% x 1052)
32 fe 0 for nuclear power case
i "fuel cycle cost" for fossil-fueled case ($/yr)
33-42 L, initial fuel loading (kg)
43-52 L, amount of fuel after reprocessing (kg)
53-62 L, amount of inventory fuel (kg)
63-72 Le percent by which L, must be increased to compensate
for loss due to conversion (% x 107%)
73-82 Ly percent by which L, mustbe increased to compensate
for loss due to fabrication (% x 1072)
83-92 [hs percent of L to be disposed of as radioactive waste
(% x 10'2)
93-102 ch cost of conversion to fuel meat material ($/kg)
103-112 cf cost of fabricating fuel elements ($/kg)
113-122 @ cost of reprocessing fuel ($/kg)



Param-

J eter Description

123-132 Exer cost of radioactive waste disposal ($/kg)

HEel= T2zl g cost of shipping new fuel ($/kg)

143-152 cgt cost of shipping irradiated fuel ($/kg)

153-162 te conversion time (yr)

163-172 te fabrication time (yr)

173-182 te reprocessing time (yr)

183-192 5] radioactive decay time for "cooling" (yr)

193-202 ts shipping time for new fuel (yr)

203-212 lEg 1 shipping time for irradiated fuel (yr)

213-222 el*(3) initial uranium fuel enrichment (wt % x 107%)

223-232 e,* discharge uranium fuel enrichment (wt % x 1072)

233-242 Cp* cost of separative work ($/kg)

243-252 Cp* cost of feed material ($/kg)

253-262 ep* feed stream enrichment in separation plant
(wt % x 1072)

263-272 eo waste stream enrichment in separation plant
(wt % x 1072)

273-282 A amount of plutonium produced with one fuel charge
(kg)

283-292 cp cost of reducing plutonium nitrate to metal buttons
($/gm)

293-302 Et integrated fission energy (TMW day)

303-312 u use charge rate (% x 107%/yr).

The input format is as follows:

Card 1 title card of up to 72 Hollerith characters including
a 1 in column 1

Card 2 3112(4) MCALC, NFCB, NFCC

Card 3 6125 (B 5t I kg A sl

Card 4 AT o ]

Card 5 5125 E o 1) o 1D A7y 500!
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Card 6 IE 1225 oM

Card 7 1E12.5 w

Card 8 4E12.5 X> 8, 6,

Card 9 2E12.5 a,, PF

Card 10 6E12:5 @i 18 iy g diey @
Card 11 1IE12.5 g

Card 12 1E12.5 fcy

Card 13 6E12.5 T il L Wl SR N
Card 14 6E12.5 e ©fh oo Crepn Cgn €0
Card 15 6E12.5 e 2 (s gl g sl
Card 16 6E12.5 e, €z, CA" Cp, ep, ew
Card 17 4E12.5 A, cp, Et, u.

There must be NEFCB + NFCC sets of cards number 13 through 17, and the
data for all the uranium regions (NFCB sets) must precede the data for the
plutonium regions (NFCC sets).

To facilitate parameter studies, as many sets of the following
NPC +1 cards as desired (including 0) may follow the above data:

Card "I 112 NPC - the number of parameter
changes in the next case

Card "2" T2, 25, P A )= the index of the parameter
. to be changed and the new
value of that parameter

Car;i ENBEERS IlZ,E-DIZ.S JNP(.Z’PA(JNPC)'

A blank card must be the last card for each problem.

Any desired number of problems can be run consecutively.
POSSIBLE OUTPUT: Output from an m-calculation consists of:

m (mills-kwhr)

Capital charges =1 ($/yr)

Ad valorem charges = (¢ + ¢ + x) & (Ic + Ip) ($/yr)
Liability insurance premium = Py ($/yr)



Total revenue = 8.76 x 10> Pnem + 10® Av/T ($/yr)

Electric revenue = 8.76 x 103 12777 &i7an ($/yr)

Plutonium revenue = 10° Av/7T ($/yr)

Operating expenses = ad valorem + OM + B, + fc; + taxes ($/yr)
Profit = o [I+15(1 +i)™] ($/yr)

State income tax = jgNg ($//yr)

Federal income tax = jF(l - jS)NS ($/yr)

Total fuel cycle costs = fct ($/yr)

Value of fuel at initial and final enrichment = V(e;) and V(e,) ($/kg)
(for uranium regions of nuclear power plant only),

where
Taxes = federal income tax + state income tax
and
NS = revenue - fcy - OM - ad valorem charges - PE

| o 1 ad o
=TI L] - bif= g (i) T (I + 1) (A +i) €

n'(p -l £
Output from a v-calculation is the same as that for an m-calculation except
that m is replaced by v.

SPECIAL FEATURES, RESTRICTIONS, AND PROGRAM LIMITATIONS:

1. In computing federal and state taxes, a negative result is pos-
sible if tax deductibe expenses exceed the revenue. In this case the taxes
are set equal to 0 and m or v appropriately adjusted.

2. Liability insurance coverage required is rounded up to the
nearest $100,000.

3. Parameter studies are possible without rereading the entire
data deck, as is apparent from the description of the input format. To facili-
tate storage of the new values of changed parameters, an index J has been
assigned to each parameter (see list of input parameters). The index J
associated with a fuel-cycle-cost parameter has 10 possible values, one
for each possible fuel cycle. For example, the value of A in the third fuel
cycle would have index J = 275. The values of NFCB and NFCC may be
changed to 0 and later restored to their original values to enable a com-
parison with fossil-fueled plants. No other changes in NFCB and NFCC are
permitted. Any parameter changes made will remain in effect in succeeding
cases until changed.
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4. Depressing Sense Switch 1 will produce additional output
(labelled) for use in debugging. This output consists of: az, Qi Q2 and
Q,, which have been defined previously; Ip = I - Iy(l +i)-1; and T;, T2, T,
and T4 which are intermediate terms defined in the flowchart in boxes 402
and 404 for an m calculation and in box 401 for a v calculation.

NOTES:

(1) See reference (b), table on page 5 of reference (a), and Sec-
tion II.D.4 of this report for details on liability insurance
premiums.

(2) For theoretical physics purposes, T, the residence time, may
be defined as y9/¢100€, where

6 = integrated flux time (cm™?),
$100 = spatial average of neutron flux at 100% power (cm ?sec”™?),
€ = plant factor (% x 1072), and

y = number of years per second = 3.1709 x 1078,

(3) Starred parameters are defined for uranium regions only. They
should be set equal to zero for plutonium regions.

(4) MCALC, NFCB, NFCC, NPC, and J must be written as integers
(no decimal point) and right adjusted in their respective card
fields. For example, if NFCC = 4, the 4 goes in column 36 of
card 2 and columns 25-35 must be blank. All other parameters
must be written as floating point numbers with format E12.5.

For example, the number -0.035 would be written as
-3.50000E-02.



704 INPUT DATA

FORM I
PROBLEM SAMPLE INPUT FORM  ORIGINATOR PROGRAM  090B/RE 224 DATE PAGE OF
1 2 3 4 5 6 7 8

123456789(0123456789/0123456789/0123456789(0123456789/0123456789(0123456789/01234567829|0

6 Ty 565 T T [ 0 O | 5 10 ) 5 0 1 5 S S [ A e W )
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0 U L T o 0 i i S i o S TR e e P IS B L\ e 1)
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10 11 T T 00000000 O 065 T T
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1
ltLllllliLLL lt'flllllLLlJ 1t'nL\I\IIl|I ltdilllllllﬁ Jtnlllllllll lcdllllllllllplAIRIAu— Is
fhel il e A i ,1%4,[,1\1[\\I JGFIlI\rtIKI CE v S i ERIER U
A T TP 0 8 0 7 1 T e 8 8 S [T 17
NI R ST N S O S O (S O VB B e S e T 0 O 5 O A IIQI\IIIJIKJ&MJQM

IJL(]lA)IIIllIIplalrlalmLeltlelr](lll)ILLL\IIMIII ([ TS [ | [ A 10 | T O F AT O OO TN T v B T

JUNPC) 11 Plaramieitiex (GNPIC) 1 1 S T el | T TR T (] o R L U S o T L IPIGICINIPICT)
blank card 1'2°3 4 5 6 70890012 84 51617 890152 Sa FARERGR/SHEY | UN]N2S AFARSS6 /8 B8R0 | 0] S8 3 4N S 65 70 859 [0 1N2:83 14855675 839/ | ORI N283 4 506 7 80210
Il 2 3 4 5 6 7/ 8

AMD-8 (5-88)

61



APPENDIX B
FAST REACTOR FUEL CYCLE COST ANALYSIS

Consider the reactor divided into up to ten fuel regions of two
types - uranium regions and plutonium regions.

The fuel-cycle-cost equation for a uranium region is of the form

1
fey = ulsV(ep) + ;{[Cc(l s lh o A ﬂf) +ef(l + 8 +cptegtcgr +CW£W] L,

o [(tc +tp+tg) Vied + 7 (M)

+ (td +t, + ts.)V(ez)] L0l 45 Mg Lg)
+[Vie) Ly (1 + £, + £y - V(ez)L2] + A cp 103} : (1)

where all cost and weight variables and the use-charge rate are in terms
of uranium.

For plutonium regions we assume that the cost of non-plutonium core
materials is negligible and that all isotopes of plutonium are of equal value.
Hence all costs and weights are in terms of plutonium only. In equation (1),
replace V(e;) and V(ez) by v.103, the value of a kilogram of plutonium, and
redefine all cost and weight variables and the use-charge rate in terms of
plutonium. This yields

1
fCPu = uL3v-103 + ;{[CC(I + zc ar ,@f) = Cf(l + ﬂf) S B o Cgt + cwﬂw] L,
+l(te +tp 4ty +tg Ftgr+tg +7) ve10® uly (1 +4c + 2]

+[Ly (1 + Bg +8g - Lolve10® + A cp103}

The total fuel-cycle cost, fcy, is the sum of all uranium and plutonium
region costs.



APPENDIX C

GENERAL OPERATING INSTRUCTIONS
704 PROGRAM _0908/RE224

USED NOT USED

READER: 72 x 72 board PUNCH: not used DRUM: [

UF SWITCH: [
PRINTER: SHARE board #2 if SS #2 is down, not used otherwise

SENSE SWITCH SETTINGS:

#1 - up #2 - up - output on tape #1 #3,4,5,6 - not used
down - output on line

TAPEs: Tape #1 for output if SS #2 is up
None used if SS #2 is down

TIME BEFORE OUTPUT: negligible RUNNING TIME: about 1 minute/problem
glig p
with off-line output

OFF-LINE PRINTING: Print tape #1 (if used) off-line under program control.
RUNNING PROCEDURE:
1. READY tape #l or printer.

2. Set sense switches.

3. READY binary program deck followed by data input
(a blank card must separate problems) in reader.

4. CLEAR and LOAD CARDS.

STOPS (OCTAL): Final stop: HPR 0,1
FORTRAN ERROR STOPS

Avano (7.89)

21
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READ labels

CLEAR data storage
turn off SENSE LIGHTS
0—MOD

READ title card
READ MCALC, NFCB, NFCC
READ 3, i, Ic, Id, Lz n, nc, nd
READ €, m, P,v,m

READ OM

READ w

READ X,8,¢ .

READ a, PF

READ a, b, i, jr. js. n', 9

READ fct

4p | Substitute WRITE
Pyl QUTPUT TAPE" for

SENSE SWITCH 2

"PRINT' in box 52-60

[PRINT 'm calculation, " NFCB, NFCC

54

F’leﬁ. 1gi,n, Ic ne, Id ng

PRINT OM, w
PRINTX, b ,8 ¥
PRINT a], PF

PRINT @, js, b, n', i, 9, jF

6 | -0
PRINT fct (i00)

APPENDIX D
FLOWCHART

READ tc(K), tf(k), tr(K), tg(k), ts(k), ts(k)

READ A(ki,cplk), Et(k), u(k)

READ Ly(k), La(k), 13(K), £c(k), £5(K), £y(k)
READ cc(K), cflk), cr(k), cwlk), cs(k), cs'(k)

READ e1(k), e2(k), CAK), CF(K), ef (K), ey (k)

SENSE SWITCH 2

up | substitute "WRITE OUTPUT
TAPE" for "PRINT" in box 7063

70631 down

|

PRINT.£ ¢(K), £ (K), £ y (k) i
PRINT cclk), cflk), crlk) "
PRINT cy(K), Cs(K, cs'(K) o
PRINT k), tf(K), tr(k) l
PRINT tg(k), ts(k), ts'(k) "
PRINT e1(k), e(k), CA(K) "
PRINT CF(K), e(k), ey (K) u
PRINT A(K), Cpk), EtK) "
PRINT ulk)

PRINT L (K), Lp(k), L3(K) k=1, ..., LooP

w)

JF+ Js - JsiF =]

(1-a)j—=aj

(1- ag)—ar
Tgl+ NGB + (I + T +)"C—>Ty
I-1,0+i -1

0—Vt, Q1, Q2, Q3
O-OV(epk, V(ezlk, Peotl o, 10)

203 {#0

NFC —LOOP

Next page




}

I

2.7397 x 103 x Eylklle - P> (K)

AK)T(K) + Yi—= Yt

l/rlk){[cc(k) (142l + £4(K0) + i) - (1+2(k0) + c,(kms(kwcsvtkncw(k)-zwtkl] < LK)+ AK) - cplk) - 103}+ Q-0

25 l

NFCB—>LOOP

ew(k)

e ] o e || ((BLLECELN

L= e T FErw Y b T
ef(k) ealk) - ey (k)

(2elk) - l)ln<1 EF(kJ»vnk) ( ey ) =Taulo
e1(k) (elm - eF(k)>

(2810 - 1120 (=g 07 )= Vit e TIFK)
elk) - eglk)

lZeZ(k) Mn( Zm)_.vzm (eF(k) i) T

T

Cptk)-letkH Ca (K) - (V2(K) + TE(K) - Viglk) - Tpyg(K) + VE(K)) —»Ver(k)
A 1 IF W

ClK) - To(K) + G (K)(Valk) + T2R(K) = V(K = Ty (K0 - V(D) —» Ve (k)

1+£clk) +£4(k) + [Ver(k) - Ly(k) - (1 +2¢lk) +£¢(k)) - Veolk) - Lp(k)| >+ u(k) - L3(k)- Ver(k) + Q—=Qp
{4 i il f 2 2 8!

ll'r(k){[(tc(k) 4K + ) - Veyk) + T (k) <<Ve ot Vez"") + (1l + 1K) + tlK) - Veglk] - UK - L0
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300 341
<0
(00— 100010

2 >0 <

1000P-1000 ST o310
>0 = 345 32 § 20
36 >0 >0 347

P-7-100 BCEV

38 <0
150 x 1000 P x PF x 1002
319

<0

329 | >0

3| 20
30 420 g B .
32 <0

1([10£+.99999999]) > £
304 e

a) - 1000 1000 - pr (1)

307

05a)— pr (5)

02521 - 1000
02531 — pr (6)

1000 > pr (6)

39 [>0 o 30
5a1- 1000 100—pr 2|
M |20
.52~ pr(2)
312
1=k
313
25 =
31 o o 3

.2a1 - 1000 1000 pr (3)

316

L kopr(l)+ X-pri2) +pm-pr3)+v - pr(d)+& - pr(5) + L - pri6) =Py

.2a1—pr (3)

390
1a;- 1000

321

>

1000 pr (4)

.lay-»pr(4) 5+ p next column




400

40)-+{ (¢ + ¥ +X)- (Ic+1g)- 8—ADVAL
w- Ip= PROFIT
(Igg +Igin' +b-i-Tp—»DEP

402 ¢ #0

Vi ve 103 Yy
1/[(ar-aj)-P-n-s -3,76x103]——11
PROFIT-aj-b-i-Ip- aj(lgB + Lin' T3

Y- (aj-ar =Ty

403 §#0

Q1+ Qp+v- Q3 1% fgy

404

Ilam +(1-aj)- (ADVAL + OM + fcy + Pg) =Tz
Ty T3+ T4+ T»m

Y+ Pomeem-876x 103+ REV
REV- fcy - OM - ADVAL- DEP- P4 = Ng

jg * Ng = STAX

JF - (1-jg) - Ns—> FTAX

STAX + FTAX—*TAXES

ADVAL + OM + Py +fct +TAXES - OF

TAES )20
413 | <0
m+ [TAXES| - P € - 876X 102> m
0-» TAXES

Y+ Peme e - m-876x103+REV
ADVAL + OM + Pg + fct + OF
0-» FTAX, STAX

412

REV- Yy = ELECRV

Next Column

8404

substitute "WRITE OUTPUT

TAPE" for "PRINT" in box 7404-407

PRINT m,REV, ELECRV, Y¢, I, OF, ADVAL,
PROFIT, Pg, STAX, FTAX, fcy

NFCB u
a5 | 20

| PRINT Ve (k), Vep(K), k = 1, ... NFCB ]

SENSE SWITCH 1)—22.

407 l down

PRINT am, Ip Q1, Qp. 03, T1, Tp. T3, T4

64

turn off SENSE LIGHTS
READ NPC

8

065
WRITE OUTPUT TAPE MOD

i 8070
WRITE OUTPUT TAPE
LABEL (J), PA()
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401
1/[(ar-aj)~103-Yt-ll-aj)~03'103]—>T1

(1- aj)- (ADVAL + OM + Q1 + Qp + Pg) =T
(ar-aj)-876x103-P.m-e-m—T3

Tag +(@-aj-b-i) - Ip-ajin' (IgB+I)—=Ty

T Ty 4 Tg- T

0+ Qg+ 03" v+ 101y

Yi-ve103+Pm- e m- 876X 103> REV
REV-fc - OM-ADVAL-DEP-Pg — N3

js * Ng = STAX

ji* (1] - N=> FTAX

STAX + FTAX—>TAXES

ADVAL + OM + P.g + fct + TAXES — OF

20
TAXES — T

414 | <0

v+ [TAXES| /(Y - 103) v

0->TAXES

Yi-v-1034 Pem - € -m- 876103 REV
ADVAL + OM + P g + fcy = OF

0-» FTAX, STAX

4151 D
Yeove 103-»V‘
REV - Yy - ELECRV

8401

Substitute "WRITE OUTPUT
TAPE" for "PRINT" in box 7401-408

PRINT v, REV, ELECRV, Yy, OF, ADVAL,
PROFIT, Pz , STAX, FTAX, fey
)
NFCB
a9 | #0
[PRINT Vey (), Vep(K), ko1, .. NFCB ]

I PRINT a5, Ip, Q1, Q. Q3, T1, Tp. T3, Ty I




APPENDIX E
CODE LISTING
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0908/RE22Y4

M CALCULATION

INPUT

SAMPLE PROBL
3 URANI

FIXED CHARGES

BETA
I

1)
I1(D)

REVENUE
EPSILON
ETA

OPERATING
OM

PROFIT
OMEGA

1.000000E 00
6.350000E-02
1.050000€ 08
1.500000E 07

8.000000E-01
3.000000E-01
AND MAINTENA
2.000000E 06

4.400000E-02

AD VALOREM CHARGES

CHI
DELTA

INSURANCE
AL1)

TAXES
ALPHA
B
IBAR
JIF)

5.000000E-02
1.000000E 00

CHARGES
4.000000E Ou

0.

5.000000€E-01
4.500000E-02
5.200000E-01

EUEIS CYEL ENCOSTS

Len

EM 2/24/61
UM REGICNS

NCE COSTS

L(2)
4.900000E Ou

5.000000E Ou
5.000000E O
4.000000E Ou
5.000000E O
5.100000E O
4,900000E Ou
L(Cc)
10.000000E-03
10.000000E-03
10.000000E-03
10.000000E-03
10.000000E-03
10.000000E-03
c(c)
1.500000E 01
1.500000E 01
1.500000E 01

4.800000E O
3.500000E Ou
4.900000E Ou
5.000000E Ou
4.800000E Ou
1)
10.000000E-03
10.000000E-03
10.000000E-03
10.000000E-03
10.000000€E-03
10.000000€-03
C(F)
8.500000E 01
1.000000€E 02
7.500000E O1

3 PLUTONIUM REGIONS

)

N(C)
N(D)

PHI
BS1

PF

JUsy
NPRIME

3.600000E 05
2.500000€ 01
1.500000€ 00
1.000000E 00

1.000000E 03
1.200000E 01

2.500000E-03
1.300000E-03

1.000000E 00

2.700000E-01
2.500000E 01
0.

L(3)
0.
1.000000E OY
1.000000E Ou
1.000000E Ou
1.000000E Ou
1.000000E Ok
LIW)
0.
5.000000E-02
5.000000E-02
5.000000E-02
5.000000E-02
5.000000E-02
C(R)
2.500000E 01
2.500000E 01
2.500000E 01
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1.000000E 01
1.500000E 01
2.000000E 01
C(wW)

0.

1.000000E 02
1.000000E 02
1.000000E 02
1.000000E 02
1.000000E 02

T(C)
1.100000E-02
1.100000€E-02
1.100000E-02

10.000000E-03
10.000000E-03
10.000000E-03

T(D)
3.300000€E-01
5.000000E-01
2.500000E-01
4.000000E-01
4.000000E-01
4.000000E-01

E()
3.000000E-02
3.000000E-02
2.500000E-02
0.

0.
0.

CIF)
3.927000E 01
3.927000E 01
3.927000E 01
0.

0.
0.

A
3.430000E 02
3.000000E 02
4.00000CE 02

0.
1.000000E 00
0.

u
4.000000E-02
4.000000€-02
4.000000E-02
5.000000E-02
5.000000€E-02
5.000000E-02

7.000000E 01
8.000000E 01
9.000000E 01

C(s)
3.000000E 00
3.000000E 00
3.000000E 00
3.000000E 00
3.000000€ 00
3.000000€ 00

T(F)
2.500000E-01
2.500000€E-01
2.500000E-01
2.000000E-01
2.000000g-01
2.000000E-01

T(S)
1.100000E-01
1.100000E-01
1.100000E-01
10.000000E-02
10.000000E-02

10.000000E-02

El2)
2.000000E-02
2.500000E-02
2.000000E-02
0.

0.
0.

27 Y
7.140000E-03
7.140000E-03
7.140000E-03
0.

0.
0.

P
1.500000E 00
1.500000E 00
1.500000E 0C
1.500000E 00
1.500000E 00
1.500000E 00

3.000000E O1
2.000000E 01
1.000000€ 01
C{S PRIME)

1.600000E O1
1.600000E 01
1.600000E 01
1.600000E 01
1.600000E 01
1.600000€ 01

T(R)
2.000000€E-01
2.000000E-01
2.000000E-01
3.000000€E-01
3.000000E-01
3.000000€E-01

T(S PRIME)
5.500000E-02
5.500000E-02
5.500000E-02
5.000000E-02
5.000000E-02
5.000000E-02

C(DELTA)
3.729000E 01
3.729000E 01
3.729000E 01
0.
0.
0.

E(W)
2.210000E-03
2.210000E-03
2.210000E-03
0.

0.
0.

EIGTY
5.200000E 05
5.000000E 05
4.000000E 05
5.000000E 05
5.000000E 05
5.000000E 05



OUTPUT
M
ELECT REV
I
AD VAL
PL
F TAX
VIET)

1.336895E
2.810688E
1.314285E
5.668368E
2.600000E
9.37T4063E

SZ 9599
Bla[29599E
2.948872E

02
(0F:]
08
06
05
06

02
02
02

TOTAL REV
PU REV
O.E.
PROFIT

S TAX
TOTAL FC
V(E2)

2.889936E
T.924775E
2.72581T7E
5.786251E
6.66T53TE
2.486118E

2.18414T7E
2.9u488T72E
2.18L14TE

08
06
08
06
06
08

02
02
02

59
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APPENDIX G
SAMPLE WORK SHEET

The following is a sample work sheet proposed by T. Heckman of
the AEC, to be of aid to the problem originator.



0908/RE224 REACTOR ECONOMICS WORK SHEET

61

PAGE 1 OF 3

ORIGINATOR DATE
PLANT______ PROBLEM NO. PLANT PROBLEMNO.

PARAMETER | W) uniTs REFERENCE REFERENCE | accumacy
vaue | QRTOR vaLue | Nojom S

DOCUMENT) DOCUMENT) | b ROOR

MCALC 1 =

NFCB 2 -

NFCC 3 -

p 4 =

i 5 % x 1072

Ic 6 $

I 7 $

Ii 8 $

n 9 yr

ng 10 yr

nd il yr

€ 2 % x 1072

7 13 % x 1072

P 14 TMW

v 15 | $/gm

m 16 mills/kwh

oM 07 $/yr

® 18 % x 1072

X 19 % x 1072

I} 20 % x 10E2

[0) 21 % x 102

Y 22 % x 1072

al = $perd

million
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PAGE 2 OF 3

ORIGINATOR DATE
PLANT PROBLEM NO. PLANT PROBLEM NO.
boCUMENT) | P PoOR Do b R

PF 24 -

o 25 -

b 26 i li0i=2

i 27 % x 1072

JF 28 % x 10-2

Is 29 % x 1072

nl 30 yr

g 31 % x 1072

fet 52 $/yr

Ly 33-42 kg

T 43-52 kg

it 53-62 kg

e 63-72 % x 1072

Le 73-82 % x 1072

L 83-92 % x 1072

s 93-102 | $/kg

cs 103-112 | $/kg

Cr 113-122 | $/kg

o 123-132 | $/kg

or 133-142 | $/kg

Cs'  [143-152 | $/kg

te 153-162 | yr

te 163-172 [ yr




ORIGINATOR

PAGE 3 OF 3

DATE
PLANT PROBLEM NO. PLANT PROBLEM NO.
PARAMETER | |nSex uniTs s Rf:j::g:z AEC‘;UER?:DCV o af{gf:i;s A:ccglé?’}cv
AND/OR /
S || B e eeave | e
tr 173-182 | yr
td 183-192 | yr
ts 193-202 | yr
Ut 203-212 | yr
e, 213-222 | wt % x 1072
ez 223-232 | wt % x 1072
Cp 233-242 | $/kg
Cg 243-252 | $/kg
ep 253-262 | wt % x 1072
Cw 263-272 | wt % x 1072
A 273-282 | kg
p 283-292 | $/gm
Ey 293-302 | TMW day
u 303-312 | % x 107%/yr
fCcore $/Yr
chB $/yr
ferg $/yr
chB $/yr
pEat

63



64

REFERENCES

(a) J. M. McCampbell, Paper 16-6, Analytical Treatment of Power
Reactor Economics, presented at the American Nuclear Society

meeting in December, 1958.

(b) Indemnity regulations, 10 CFR 140, Federal Register, April 7, 1960.

(c) H. L. Hollister, and A. J. Burington, Pricing Enriched Uranium,
Nucleonics, 16 (January 1958).

ACKNOWLEDGEMENTS

The authors wish to thank Mr. Leonard Link and Mr. Thomas
Heckman for their contribution through discussion.



NAL LAB WEST
U

I

I

1




